Dietary broccoli mildly improves neuroinflammation in aged mice but does not reduce lipopolysaccharide-induced sickness behavior  by Townsend, Brigitte E. et al.
N U T R I T I O N R E S E A R C H 3 4 ( 2 0 1 4 ) 9 9 0 – 9 9 9
Ava i l ab l e on l i ne a t www.sc i enced i r ec t . com
ScienceDirect
www.n r j ou rna l . comDietary broccoli mildly improves neuroinflammation
in aged mice but does not reduce
lipopolysaccharide-induced sickness behaviorBrigitte E. Townsenda, Yung-Ju Chenb, Elizabeth H. Jefferya, b, Rodney W. Johnsona, c, d,⁎
a Division of Nutritional Sciences, University of Illinois, 1201 West Gregory Dr, Urbana, IL 61801, USA
b Department of Food Science and Human Nutrition, University of Illinois, 1201 West Gregory Dr, Urbana, IL 61801, USA
c Integrative Immunology and Behavior Program, University of Illinois, 1201 West Gregory Dr, Urbana, IL 61801, USA
d Department of Animal Sciences, University of Illinois, 1201 West Gregory Dr, Urbana, IL 61801, USAA R T I C L E I N F OAbbreviations: ARE, antioxidant response
oxygenase I; IL, interleukin; LPS, lipopolysa
enhancer of activated B cells; NQO1, NAD(P)H
⁎ Corresponding author at: 227 Edward R. Mad
IL 61801. Tel.: +1 217 333 2118; fax: +1 217 33
E-mail address: rwjohn@illinois.edu (R.W
http://dx.doi.org/10.1016/j.nutres.2014.10.001
0271-5317/© 2014 The Authors. Published
creativecommons.org/licenses/by-nc-sa/3.0/)A B S T R A C TArticle history:
Received 14 July 2014
Revised 30 September 2014
Accepted 2 October 2014Aging is associated with oxidative stress and heightened inflammatory response to infection.
Dietary interventions to reduce these changes are therefore desirable. Broccoli contains
glucoraphanin, which is converted to sulforaphane (SFN) by plant myrosinase during cooking
preparation or digestion. Sulforaphane increases antioxidant enzymes including NAD(P)H
quinone oxidoreductase and heme oxygenase I and inhibits inflammatory cytokines. We
hypothesized that dietary broccoli would support an antioxidant response in brain and
periphery of aged mice and inhibit lipopolysaccharide (LPS)–induced inflammation and
sickness. Young adult and agedmicewere fed control or 10% broccoli diet for 28 days before an
intraperitoneal LPS injection. Social interactions were assessed 2, 4, 8, and 24 hours after LPS,
and mRNA was quantified in liver and brain at 24 hours. Dietary broccoli did not ameliorate
LPS-induced decrease in social interactions in young or aged mice. Interleukin-1β (IL-1β)
expression was unaffected by broccoli consumption but was induced by LPS in brain and liver
of adult and aged mice. In addition, IL-1β was elevated in brain of aged mice without LPS.
Broccoli consumption decreased age-elevated cytochromeb-245 β, an oxidative stressmarker,
and reduced glial activation markers in aged mice. Collectively, these data suggest that 10%
broccoli diet provides a modest reduction in age-related oxidative stress and glial reactivity,
but is insufficient to inhibit LPS-induced inflammation. Thus, it is likely that SFN would need
to be provided in supplement form to control the inflammatory response to LPS.
© 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC
BY-NC-SA license (http://creativecommons.org/licenses/by-nc-sa/3.0/).Keywords:
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Table – Ingredient composition of the diets fed to mice
AIN-93M AIN-93M
+ 10%
broccoli
Protein 14.7% 14.7%
Carbohydrate 75.9% 75.9%
Fat 9.4% 9.4%
Freeze-dried broccoli
(Brassica oleracea L. cv “Green Magic”)
– 100 g
Casein 140 g 113.6 g
Corn starch 495.7 g 473.8 g
Maltodextrin 10 125 g 110.1 g
Sucrose 100 g 99.1 g
Cellulose 50 g 25.7 g
L-Cystine 1.8 g 1.8 g
Mineral mix 35 g 35 g
Vitamin mix 10 g 10 g
Choline bitartrate 2.5 g 2.5 g
Corn oil 40 g 36.5 g
Broccoli was grown at the University of Illinois, Urbana. All other diet
ingredients were purchased from Harlan Laboratories (Indianapolis,
Indiana). Nutrient content of broccoli was obtained from the US
Department of Agriculture Nutrient Database for Standard Reference.
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that follow a peripheral immune stimulus such as infection,
lipopolysaccharide (LPS) endotoxin, or stress [4–6]. In fact, LPS-
challenged aged mice exhibit exacerbated inflammation in
the brain compared with adult mice [6,7]. Exaggerated expres-
sion of inflammatory mediators associated with immune
activation in the aged signifies a need to identify interventions
that attenuate age-related inflammation and oxidative stress
both centrally and peripherally.
The nuclear factor erythroid 2–related factor 2 (Nrf2)
pathway is the primary transcriptional regulator of the
cellular antioxidant response and is increasingly implicated
in longevity and protection from inflammation. Declining
Nrf2 activity may also be involved in the deleterious
neurocognitive decline associated with aging [8–10]. The
broccoli-derived bioactive sulforaphane (SFN) elicits activa-
tion of the Nrf2 antioxidant pathway, which protects tissues
from toxic and carcinogenic insult by promoting transcription
of genes containing the antioxidant response element (ARE)
[11–13]. Because of the cytoprotective nature of Nrf2, activa-
tion of the Nrf2 pathway may be a good therapeutic target
for reducing oxidative and immune stress associated with
chronic low-grade inflammation. In addition to evoking a
Nrf2-dependent antioxidant response, SFN also displays anti-
inflammatory effects in vitro, which generates further inter-
est in SFN and foods rich in SFN as potential therapeutic
candidates for chronic inflammatory diseases [14,15]. As
highlighted in a recent review article, the beneficial effects
of SFN have also been demonstrated in a number of
experimental animal models, with evidence strongly suggest-
ing that SFN is a versatile treatment for inflammation and
oxidative stress [16].
Significant advances have been made in understanding
the biochemical mechanisms underlying SFN-mediated acti-
vation of Nrf2 and its physiological effects, but minimal
research has examined whether whole broccoli consumption
influences age-associated inflammation. Broccoli provides a
rich dietary source of vitamins, minerals, and flavonoids, but
the unique nature of its health-promoting benefits, including
cancer prevention and increased endogenous antioxidant
production, has been associated with its naturally high levels
of glucoraphanin [17–19]. Glucoraphanin is enzymatically
hydrolyzed to the bioactive isothiocyanate SFN during
crushing, chewing, or digestion of broccoli. Frequent intake
of broccoli is associated with lowered risk of cancer and
elevation of antioxidant enzymes [20,21]. Therefore, clinical
research involving dietary supplementation with broccoli has
focused primarily on chemoprevention and detoxification
through activation of phase II enzymes. Despite the accumu-
lating evidence that SFN reduces inflammatory markers in
cell culture and protects against oxidative stress during brain
injury in vivo, the effects of dietary broccoli on peripheral and
central inflammation in adult and aged animals have not
been thoroughly investigated. Our objective was to examine
whether dietary broccoli reduces LPS-induced inflammatory
markers in brain or liver of aged mice, and whether dietary
broccoli could alter the sickness behavior response to LPS. We
hypothesized that dietary broccoli would support an antiox-
idant response in brain and periphery of aged mice and
inhibit LPS-induced inflammation and sickness behavior.To test this hypothesis, we used a preclinical murine model
to investigate whether 4 weeks of dietary supplementation
was sufficient to decrease markers of inflammation and
reduce sickness behavior in adult and aged mice challenged
with LPS. Sickness behavior and molecular inflammatory
response have been well characterized in our model of LPS-
challenged aged mice, and these measurements will provide
useful information for determining whether broccoli supple-
mentation attenuates behavioral complications of inflamma-
tion. A reduction in LPS-induced proinflammatory markers in
the broccoli-supplemented mice would indicate that broccoli
is a suitable dietary addition to temper inflammation.2. Methods and materials
2.1. Animals and experimental diets
Adult (4-month-old) and aged (18-month-old) BALB/c mice
reared in-house were individually housed in a temperature-
controlled environment with a reversed-phase light/dark
cycle (lights on 8:00 PM). During the 28-day experimental
period, mice were given ad libitum access to water and diet
consisting of AIN-93M or AIN-93M + 10% freeze-dried broccoli
(Table). Soy oil was replaced with corn oil to mitigate any
potential anti-inflammatory effects derived from increased
omega-3 fatty acid content of soy oil. The broccoli used in the
diet provided 5.22 μmol SFN/g as determined by laboratory
hydrolysis using the methods described by Dosz and Jeffery
[22]. Therefore, it is estimated that mice fed the 10% broccoli
diet were exposed to 0.5 μmol glucoraphanin per gram of diet
consumed, providing up to 0.5 μmol SFN/g, depending on the
extent of glucoraphanin hydrolysis. To diminish the potential
for degradation of glucosinolates from the broccoli-containing
diet, we replaced both diets every other day. Body weight was
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for 1 week before behavior testing. All studies were carried out
in accordance with United States National Institutes of Health
guidelines and were approved by the University of Illinois
Institutional Animal Care and Use Committee.
2.2. Immune challenge
Escherichia coli LPS (serotype 0127:B8, Sigma, St. Louis, Missouri)
was dissolved in sterile saline before experimentation. On day 29
of dietary intervention, mice from each diet group (n = 7) were
given LPS (0.33 mg/kg body weight) or saline intraperitoneally.
Treatments were administered during the first hour after onset
of the dark phase of the light/dark cycle.2.3. Behavioral testing
To determine whether broccoli diet reduced sickness behav-
ior, we assessed social exploratory behavior in all mice 2, 4, 8,
and 24 hours after treatment, as previously described in detail
[23]. Baseline social exploratory behavior was determined 24
hours before treatment andwas used as a basis of comparison
for calculating percent baseline time spent investigating a
novel juvenile. A novel juvenile conspecific mouse was placed
inside a protective cage before being placed in the home cage of
the experimental mouse. Social interactions were video record-
ed for 5 minutes and scored by an experimenter blinded to the
treatments. Social exploration is determined as the amount of
time spent investigating the juvenile (sniffing, near the juvenile)
and is reported as percentage of baseline.2.4. Tissue collection and analysis
Animals were euthanized via CO2 asphyxiation 24 hours after
treatment, perfusedwith sterile ice-cold saline, and then the brain
and liver tissues were dissected and flash frozen. All tissue
sampleswere stored at −80°C until further processing for analysis.
RNA was isolated using E.Z.N.A. Total RNA kits according
to the manufacturer’s instructions (Omega Biotek, Norcross,
Georgia). Synthesis of cDNA was carried out using a high-
capacity RT kit (Applied Biosystems, Grand Island, New York)
according to the manufacturer’s instructions. Real-time
quantitative RT-PCR (qPCR) was performed to detect changes
in mRNA expression of ARE genes NAD(P)H quinone oxidore-
ductase (NQO1) (Mm.PT.56a.9609207) and heme oxygenase I
(HMOX1) (Mm.PT.56a.9675808), and the transcription factor
Nrf2 (Mm.PT.56a.29108649M). The inflammatory cytokine
interleukin-1β (IL-1β) (Mm.PT.56a.41616450) was used as a
marker todetect if inflammatory cytokineproductionwas reduced
in animals fed the broccoli diet. The glial activation markers glial
fibrillary acidic protein (GFAP) (Mm.PT.56a.6609337.q), CD11b (Mm.
PT.56a.9189361), major histocompatibility complex II (MHC-II) (Mm.
PT.56a.43429730), and CX3CR1 (Mm.PT.56a.17555544) were used
to determine whether astrocyte and microglial activation were
affected by dietary intervention. All genes were analyzed using
PrimeTime real-time quantitative RT-PCR Assays (Integrated
DNA Technologies, Coralville, Iowa) and were compared with
the housekeeping control gene GAPDH (Mm.PT.39.a.1) using the
2−ΔΔCt calculation method as previously described [24]. Data areexpressed as fold change versus control diet mice treated
with saline.
2.5. Statistical analyses
All data were analyzed using Statistical Analysis System (SAS,
Cary, North Carolina). Data were subjected to three-way
analysis of variance for main effects of age, diet, and LPS,
and all 2- and 3-way interactions. Where analysis of variance
revealed a significant interaction, post hoc Student t test using
Fisher least significant differenceswas used to determinemean
separation. All data are expressed as means ± SEM.
3. Results
3.1. Lipopolysaccharide increased glial markers, whereas
broccoli diet reduced GFAP and increased CX3CR1 mRNA in
aged mice
Antioxidant response element gene expression is elevated in
glial cells treatedwith SFN, indicating that gliamay be sensitive
to the protective benefits of SFN [25–27]. Because glial cells are
also the predominant producers of proinflammatorymediators
in brain, we measured expression of several markers of glial
reactivity. Glial fibrillary acidic protein was elevated in brain
of aged mice (P < .001). Interestingly, broccoli diet lowered
expressionofGFAP inagedmice (age×diet interaction;P< .05) (Fig. 1).
To determine whether dietary broccoli could decrease neuro-
inflammation in response to systemic LPS, we measured
markers of glia reactivity in LPS- or saline-treated mice. Glial
fibrillary acidic proteinwas increased inmice given LPS (P < .05).
The microglial activation markers MHC-II and CD11b were
quantified to examine reactivity in microglia. MHC-II expres-
sion was not changed 24 hours after LPS, but LPS did induce
higher CD11b expression (P < .0001). Diet had no effect on the
expression of these microglial activation markers at 24 hours
after LPS treatment.
Fractalkine receptors (CX3CR1) expressed on microglia pro-
vide a regulatory mechanism by which microglia activity is
regulated in brain. Agedmice reportedly have decreasedCX3CR1,
resulting in decreased immunoregulatory signals to microglia
leading to prolonged activation state after LPS [28]. CX3CR1 was
induced by LPS (P < .05). Broccoli diet increased CX3CR1mRNA in
aged mice (age × diet interaction; P < .05), suggesting another
potential role of dietary broccoli in reducing glial reactivity.
3.2. Broccoli diet did not attenuate LPS-induced reduction
in social interactions
To evaluate whether dietary broccoli reduced sickness after an
acute peripheral immune challenge, we used the social explor-
atory test. Lipopolysaccharide decreased social investigation 2, 4,
8, and 24 hours after LPS (LPS x time interaction; P < .05) (Fig. 2).
Broccoli diet did not significantly influence social behavior.
3.3. Age and LPS increased proinflammatory IL-1βmRNA
in liver and brain
Because IL-1β is known to play a significant role in sickness
behavior, IL-1β expression was quantified in both central and
A B
C D
Fig. 1 – Lipopolysaccharide increased glial markers, whereas broccoli diet reduced GFAP and increased CX3CR1 mRNA in aged
mice. A, Glial fibrillary acidic protein was elevated by age (P < .001) and by LPS (P < .05). Broccoli diet decreased GFAP in aged
mice. B, CX3CR1 increasedwith LPS (P < .05). Broccoli diet increased CX3CR1 in agedmice comparedwith adult controls. C, CD11b
waselevatedbyLPS.D,No changewasevident inMHC-II after LPS.Data arepresentedasmeans±SEM (n=5-7).Meanswithdifferent
letters are statistically significant. * P < .05 compared with adult saline controls.
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in brain (Fig. 3). These results are consistent with previous
studies that demonstrated increased IL-1β in aged mice and
exaggerated expression to LPS [3,6,31]. Lipopolysaccharide
significantly increased IL-1β mRNA in liver and brain of both
adult and aged mice (P < .001). The broccoli diet did not affect
brain IL-1β levels in control or LPS-treated mice. Although
broccoli diet appeared to decrease IL-1β in control and LPS-
treated aged mice, there was no main effect of diet and the
age × diet interaction was not significant (P = .12).Fig. 2 – Lipopolysaccharide decreased social interactions similar
means ± SEM (n = 5-7). *Indicates LPS × time effect. P < .05 comp3.4. Cytochrome b-245 βwas elevated in liver of aged mice
NADPH oxidase generates neurotoxic and hepatotoxic
reactive oxygen species that have been implicated in devel-
opment of chronic disease [32,33]. Cytochrome b-245 β (CYBB)
is a functional component of the NADPH oxidase system that
contributes to release of free radicals from phagocytic cells.
We examined whether broccoli attenuated CYBB expression.
An age × diet interaction revealed that CYBB expression was
increased in the liver of aged control animals compared toly in mice fed control or broccoli supplemented diet. Data are
ared with saline controls.
A B
Fig. 3 – Interleukin-1βmRNA was increased in aged mice, and all mice given LPS in liver and brain. A, IL-1βwas increased 24
hours after LPS in liver (P < .001). B, IL-1βwas elevated in brain of aged mice (P < .01) and increased 24 hours after LPS (P < .0001).
Bars represent means ± SEM (n = 5-7). *P < .05 compared with adult saline controls.
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prevent the elevation in CYBB in aged mice (P < .10) (Fig. 4).
3.5. Broccoli did not significantly influence the Nrf2 pathway
Several studies demonstrate that broccoli consumption in-
creases Nrf2-inducible antioxidant enzyme activity in colon
and liver tissue, presumably through SFN absorbed from
dietary broccoli [34]. Importantly, SFN also induces Nrf2
antioxidant pathway in brain leading to increased ARE gene
expression that provides neuroprotective benefits [35,36]. To
determine whether this anti-inflammatory effect is exhibited
in brain or periphery of aged mice after dietary broccoli
consumption, we measured Nrf2 gene expression after 4
weeks of control or broccoli diet in mice given LPS or saline.
Broccoli diet marginally increased Nrf2 expression in brain of
LPS-treated mice, although this increase did not reach
significance (P < .10). Lipopolysaccharide did not induce Nrf2Fig. 4 – Cytochrome b-245βwas elevated in liver of agedmice.
Cytochrome b-245βwas elevated in the aged control diet group
compared with adult controls (age × diet interaction; P < .05).
In aged mice, broccoli diet tended to decrease CYBB compared
with control diet (P < .10). Values are means ± SEM (n = 5-7).expression at 24 hours after treatment (Fig. 5). Neither diet,
treatment, nor age effected Nrf2 expression in liver.
NAD(P)H quinone oxidoreductase increased in liver of aged
mice (P = .05). Analysis of brain tissue revealed an age × diet ×
treatment interaction (P < .05), where increased NQO1 expres-
sion was most evident in mice fed broccoli diet and given LPS.
Lipopolysaccharide increased HMOX1 expression in brain and
liver (P < .01), but dietary broccoli had no affect (Fig. 6).4. Discussion
Dietary interventions that reduce aging-related inflammation
garner significant research interest. Although broccoli and
broccoli sprouts are drawing increased interest from medical
and nutritional scientists, much of the research focus has
been centered on the benefits of dietary broccoli for cancer
treatment and prevention. In the present studies, we focused
on the anti-inflammatory properties of compounds found in
whole broccoli and sought to determine whether a broccoli-
supplemented diet was beneficial for attenuating systemic
and central inflammation in aged mice. In these studies, 4
weeks of feeding a 10% freeze-dried broccoli diet mildly
improved markers of glial reactivity in aged mice and tended
to prevent age-induced increase in hepatic CYBB. In contrast
to in vitro studies in which supraphysiological concentrations
of SFN reduced LPS-induced proinflammatory cytokines,
dietary broccoli did not reduce proinflammatory cytokines in
mice that were challenged with LPS.
Cytochrome b-245 β expression is regulated by a number of
transcription factors, including the redox sensitive nuclear
factor κ light chain enhancer of activated B cells (NFκB). Our
data and those of others suggest that CYBB expression
increases with age, which may contribute to increased oxida-
tive stress that occurs with age [33,37]. Although CYBB
expression levels are not a direct indication of reactive oxygen
species (ROS), transcriptional regulation of CYBB has a marked
impact on ROS production [38,39]. We demonstrate that dietary
broccolimay prevent the age-induced elevation in CYBB, which
may hold significance for reducing increased oxidative stress
associated with aging.
Fig. 5 – Broccoli diet did not increase Nrf2 mRNA. Broccoli and LPS tended to increase Nrf2 in brain 24 hours after LPS (age × diet
interaction; P < .10). Data are presented as means ± SEM (n = 5-7).
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dependent neuroprotective effects to cultured astrocytes and
microglia and to brain regions including hippocampus,
striatum, and cortex [36,40,41]. Consistent with previously
published data, we saw transcriptional increases in GFAP in
aged mice, suggesting increased astrocyte reactivity [42].
Interestingly, broccoli diet down-regulated LPS-inducedBA
Fig. 6 – NAD(P)H quinone oxidoreductase and HMOX1 in brain tis
NAD(P)H quinone oxidoreductase was increased in liver of agedm
after LPS (P < .01). B, NAD(P)H quinone oxidoreductasewas increase
LPS (P < .01). Means with different letters are statistically significan
SEM (n = 5-7). *P < .05 compared with adult saline controls.GFAP expression in aged mice, suggesting that astrocytes
may be sensitive to low circulating levels of SFN achieved
from consuming dietary broccoli. This finding may demon-
strate that based on the juxtaposition of astrocytes with brain
blood vessels, astrocytes may be better positioned to respond
to the anti-inflammatory effects of SFN. To our knowledge,
this is the first evidence to suggest that dietary broccolisue were increased in aged mice and all LPS-treated mice. A,
ice (P = .05). Heme oxygenase I was increased in liver 24 hours
d in brain of agedmice (P < .05) andwas elevated 24 hours after
t (age × diet × LPS interaction; P < .05). Bars represent means ±
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further examine the effects of feeding a broccoli-supplemented
diet to mice on changes in surface expression of glial reactivity
markers in primary culture. Thishas been tested to someextent
with SFN, but to our knowledge, not with dietary broccoli. We
also observed evidence of microglia or perivascular macro-
phage reactivity. Increased expression of the geneticmarker for
microglia/macrophage activation, CD11b, was expectedly in-
creased in animals treated with LPS. Expression of CD11b was
unaffected by diet, suggesting that neither microglia nor brain
resident macrophages were responsive to the beneficial effects
of a broccoli diet in our model. This was surprising, given that
microglia and macrophages are robust producers of reactive
oxygen and nitrogen species during inflammatory stimulation.
However, these cells are also quite sensitive to LPS-induced
inflammation, and the dose of LPS used may have over-
whelmed the beneficial effects of dietary broccoli. These data
indicate that gliosis induced by a peripheral stimulus is
aggravated by age and that dietary broccoli may reduce aging-
associated glial reactivity.
The fractalkine ligand (CX3CL1) and fractalkine receptor
(CX3CR1) is an important regulatory system for tempering the
microglial response after activation from endogenous and
exogenous immune stimuli. Indeed, mice with a genetic
deletion of CX3CR1 have an exaggerated microglial inflam-
matory response and increased duration of sickness behavior
compared with wild-typemice. CX3CR1 knockout mice have a
similar response to LPS treatment as to that observed in aged
animals [28,43,44]. In addition, it has been demonstrated that
LPS decreases CX3CR1 at both the mRNA and protein level in
microglia [28]. We observed an LPS-induced decrease in
CX3CR1 expression in our model that was prevented in aged
animals given LPS and fed broccoli diet. These data suggest
that aged animals that consume dietary broccoli may have
suppressed microglial activation compared with animals that
do not consume broccoli in the diet and therefore may have
improved long-termbrainhealth, for example, improvedneuron
survival and increase in neurogenesis, when confronted with
infectious disease due to potential suppression of microglial
hyperactivity that has been described in aged mice [28,45].
Consumption of broccoli has not been previously reported to up-
regulate CX3CR1, and it is important to note that additional
research is required to determinewhether the increase inmRNA
translates to cell surface expression on primary microglia and
whether this change promotes long-term brain health due to
attenuated microglia activation.
Increased glia reactivity is accompanied by elevated IL-1β
[44,46]. Because broccoli diet decreased markers of glial
reactivity in aged mice, we examined IL-1β expression to
determine whether broccoli diet attenuated additional inflam-
matorymediators. Interleukin-1β is a key inflammatory cytokine
in both the peripheral and central immune response [47].
Interleukin-1β induces sickness behaviors such as anorexia,
decreased locomotion, and social activity when exogenously
administered, whereas inhibition of IL-1β signaling attenuates
sickness behaviors in response to LPS treatment [30,48,49]. For
these reasons, we hypothesized that broccoli diet would exert
an anti-inflammatory benefit by inhibiting IL-1β expression,
and this would attenuate LPS-induced sickness behaviors. In
this study, decreased social behavior was paralleled by increasedIL-1β in brain, but there was no evidence that broccoli diet
moderated LPS-induced sickness behavior. It is possible that
the dose of LPS used (0.33 mg/kg) overwhelmed the anti-
inflammatory dietary effects of consuming broccoli. It is also
likely that the anorexic effect of LPS-induced sickness limited
broccoli intake, resulting in lowered SFN exposure. Indeed, we
observed that 24-hour food consumption was decreased in LPS-
treated mice compared to saline controls (data not shown).
Sulforaphane is metabolized and excreted rapidly after broccoli
consumption, and metabolites are not retained in tissue past 24
hours [50–52]. It seems plausible that diminished intake of
broccoli during the 24-hour sickness period could account for
the lack of effectiveness against acute peripheral inflammation.
Our findings are in contrast to other studies where dietary
luteolin, resveratrol, or α-tocopherol and selenium improved
LPS-induced sickness behavior in aged mice. Collectively these
nutritional interventions suggest that dietary supplements are a
viable therapeutic vehicle to ameliorate prolonged sickness in aged
models [31,53,54].Amoresuccessfulapproachmaybeto incorporate
SFN in supplement form into the diet. In agreement with this
approach, some studies have demonstrated reduced neuro-
inflammation using purified SFN given intraperitoneally at doses
of 50 mg/kg, which is several-fold higher than could be reasonably
obtained through the 10% broccoli diet [36,41]. It remains to be
determinedwhether the concentrations of SFN thatwere necessary
to achieve reductions in inflammatorymarkers in these studies can
be obtained through voluntary dietary consumption.
Broccoli was selected for this study because it is a frequently
consumed glucoraphanin-containing vegetable [55,56]. Al-
though the SFN precursor glucoraphanin is more concentrated
in broccoli sprouts compared with broccoli, high glucosinolate
content adds additional bitterness to the taste of the sprout,
making it less palatable than broccoli [12,57]. Preparation of
freeze-dried broccoli has been optimized to preserve glucosin-
olates and prevent inactivation of myrosinase. This is particu-
larly important because SFN is not stable and is more bioactive
when fed to rats in its glucosinolate precursor form than when
hydrolyzed before being fed to rodents [34]. Addition of 10% to
20% freeze-dried broccoli to rodent diet has been reported to
increase activity of hepatic and colonic ARE enzymes [58–60]. In
contrast to these reports, 10% broccoli diet used in our studies
did not increase ARE genes in brain or liver tissue of agedmice.
However, in this study, HMOX1 was induced by LPS, suggesting
that this gene is activated in response to increased oxidative
stress generated by LPS-induced inflammation [61]. Heme
oxygenase I is an endogenous antioxidant that inhibits
inducible nitric oxide synthase in LPS-stimulatedmacrophages,
and higher HMOX1 mRNA and protein are associated with an
anti-inflammatory macrophage phenotype [62–64]. Although
HMOX1 is notable as part of the antioxidant cascade activated
by Nrf2, HMOX1 mRNA expression was also responsive to
inflammation induced by LPS. Induction of HMOX1 by LPS in
our model was an expected component in agreement with
findings indicating that, in addition to containing an Nrf2-
inducible ARE promoter region, HMOX1 is up-regulated by the
proinflammatory NFκB transcriptional pathway that is strongly
activated by LPS [65]. On the basis of our findings, HMOX1
appears to bemore transcriptionally responsive to activation of
NFκB during inflammation than to 10% broccoli diet. A 10%
broccoli diet may be insufficient to elevate SFN levels in
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with this suggestion, Innamorato et al [36] reported thatHMOX1
protein is induced in the brain by a high dose of SFN injected
intraperitoneally, but there are no published data reporting in
vivo induction of HMOX1 transcription and translation after
low doses of SFN such as that obtained when consuming
broccoli-supplemented diet. A clinical study that examined
gene expression in gastric mucosa after consumption of
broccoli soup reported that although several antioxidant
genes were elevated in gastric mucosa, only a fraction of
genes previously induced by SFN in vitro were altered by the
broccoli soup [66]. It is evident that additional preclinical and
clinical studies are needed to determine effective timing and
dosage of broccoli inclusion in the diet.
Anotherexplanation for the lackofAREgeneexpression induced
by broccoli diet is that other peripheral tissues, such as intestine or
residentmacrophages of the peritoneum,may bemore sensitive to
broccoli-supplemented diet. Several phamacokinetic studies report
that SFN metabolites are widely distributed in tissues after orally
administered SFN, but bioactivity in these tissues is not well
established and distribution of SFNdoes not appear to correlate
with tissue-specific bioactivity [52,67]. On the basis of our
findings, dietary broccoli is insufficient to up-regulate HMOX1
and NQO1 in liver and brain. Future studies will help to
determine if broccoli supplemented diets are more beneficial
in low-grade peripheral inflammatory conditions than acute
conditions such as LPS.
An apparent limitation to this study is that reduced food
intake is part of the natural sickness response to LPS.
Decreased intake of dietary broccoli in LPS-injected mice on
the final day of the study may have interfered with acute
effects that would have been apparent if the mice ate as
usual. The overall lack of effects due to dietary broccoli may
have been due to reduced food intake.
In summary, we have demonstrated that consumption of a
10% broccoli diet mildly reduced neuroinflammation in aged
mice by preventing up-regulation of reactive glia markers.
However, we did not find evidence to support our hypothesis
that LPS-induced inflammatorymarkers and sickness behavior
could be attenuated by dietary broccoli. Although these data do
not support a role for broccoli consumption in suppressing
sickness behaviors associated with an LPS-induced acute
inflammatory response, they do not rule out that components
found in broccoli, such as SFN, may be beneficial when
consumed in pharmacological doses via supplementation.
Taken together, our data suggest potential health benefits for
the aged human population using dietary broccoli to improve
the low-gradeneuroinflammation that is associatedwith aging.Conflict of interest
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